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ABSTRACT 


The ourposo of this report is to utilize e sound theorotiocl 
formulation, combined with the best avelleble experimental data on 
intervated ebsorption am! rotationel line-width, for the calculation of 
anissivities of carbon monoxide at roon tomerctures under conditions 
whero overlapping between rotatiomd linos is neglipibly emu, 

The resultas of tho present investigation indicates that ealcu- 
lated exigsivities of carbon monoxide at room temereture aro in oxcellont 
agreesent with empirically observed date published by Hottel and Ullrich, 
The theoretical dependence of emissivity upon optical density at low 
optical density and at room tommereture has boen shown to follou the 
exporinentel. observations elnest omctly. For low optical densities the 
calculated emissivity is found to be neerly proportional to the essumed 
rotational linewidth, thus emchasizing the need for accurcto Lino=width 
determinations at all temeratures. Tho calculated de;endence of emissivity 
on rotational line-wiith pornite tho Gotorninstion of emissivity not only 
ag a function of temerature, total pressure, ond optical density, but 
also as a function of concentration of optically inert ges. For numericel 
ealculations of this type 11 is necessery to obtein experimental deta for 
the dependonee of rotationol line-uidth on concontretion of non- 
enitting cases. 

The present caleriations supplenent eorlier theoretical emissivity 
esleulations, whieh ero valid only ot elevated totcl pressures whore 
extensive overlepping of rotetional linos occurs. Tho ranco of pressures 
in which overlaopinc botueon rototionsl lines is neither extensive nor 
neglicibly smell has been considered only very briefly and requires 
further exmmination. 
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Tho study of radiant heat transfer cond related problems has been 





great immetus in the vast decade by the devoloment of propulsive 





stena which cenand that engine cné notor components withstand increasingly 
ugher temperatures. Improvenent of the engine end notar componente 








uires, anong other things, kmowledge ef radiant hest transfer, which 
cen be expressed as o fuiction of the enissivities of the gases formed by 





bustion. Although sonsidereble experimentel. rosearch has been done on 

the meagurenent of mas onissivities, it has becone increasingly ovident 
that physical licitetions prohibit the direct exporinental deternminction 
of gaseous exissivities at the temperatures and oressures Which aro 
encountered in combustion chambers. For this reason it is of obvious 
practical importance to develop theoretical nethods for malcing enissivity 
calculations. 

The generel vroblen of emission and cbeorption of radiation 
involves two escontinlly distinct tyres of analysis. Me important 
brench οὗ radiant hegit transfor investigations is concerned with the 
determination of rodiant intensities if emissivities, absorptivitios, 
end scattering coefficients cre known, These studies deal with the 
problem of radictive trensfor only. For any defined gconetric crrance- 
mont, the radiative transfer problems can be formulated without difficulty. 
An exheustive account of this work may be found in a2 recently published 
book by Chendresokhar() , 

Since radiant heat tronsfer calculations require detailed know- 
ledge of enissivitios, absorptivitios, and scattering coefficients, it 
is essential to consider methods for the doterain-tion of these quantities. 
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Tho quantum-nechanicel problems involved in the theoretioal calculation 
“of emissivity were solved, in principle, some years aco. The results of 
these theoretical studies have boon applied, to e Linited oxtent, in the 
use of apectroscopic measurononts for flame temperature determination 
from line intensitios(?), and for the analysis of absorption and on'ssion 
of rodistion in tho atnospherel 3), An importont paper by Dennison(4), 
written more than twenty years ago, Contains saw of the basic theorsti- 
cal relations which have been used for numerical enissivity caleulctions 
om carbon monoxide in the presont studies, 

Earlier anissivity eoleulationg 255,6) for diatonic molecules οὗ 
elevated total pressures wore based upon the asawmtion that the ovor- 
lapping of the rotational lines wos so extensive that the s-ectral 
DNOPpbion coefficient was not a repidly varying funotion of the wave 
nusboer, With this asguzvtion, e»nroxinate enissivity eoloulotions were 
carried out using en everage spectral absorvtion coefficient ovor an 
effective vidth( 556,7) corresponding to an entire vibration-rotation 
bend, Reliable exissivity neasurenents at elevated total pressures are 
not yet aveilable for en empirical verification of these eclculctiona. 
Therefore, the calculations vere comared with measurenents mado by 
Ullrich and Hottel at atmospheric pressure., At atmospheric pressure, 
the assumption of extensive overlepoing of the rotational lines does not 
apply and it wes not unexpectod to find that omerinentally determined 
en'sgivitios at low optical Censities were considerebly lower than the 
colculcted values. The observed discrepancies ere the repult of the 
fact that the broadening of the rotational lines at ctnosphoric pressure 


is for less than is necessary to justify the use of avercpe cbso. tion 








For increasing values of optical density, the oxvesimental 
mans measuzcuonts were foun? to aoovoach and then söit the œil- 
culated enigsivities as the weaker rotational lines, which lio outside 
the renge of the estimated bendwidth, contributed more and more to the 

) heat transfer. These results indicate thet this apcroximete 





methed of radiant heat tronsfer ealoulations in volid for tho conditions 
fer Which it wes Ccevoloped, i.e,, extensive ovorle»ping of rotational 
lines at elevated total pressures such that cn evorase spectral ab- 
sorption coefficient could be used over an effective width corresponding 
to the entire bend. 

It is of obvious importance to apply a nethod for the calewlation 
of emissivities wwler conditions for wiich overlapping of rotetional 
lines ie negligibly smell, Such a method is evailable es the result of 
extension of a theoretical treatment developed by Elsasser(?), whose 
work applied only to equally intense and equelly spaced rotational lines 
which did not overlap. ho extension to this trootnent() applies to 
any system with non-overlasming lines, 

The oxtent of ovorlanping of rotationzl lines is a function not 
only of total pressure but elso of optical density. In this report, 
nuaerical omissivity calculations have been carried out for carbon 
monoxide to sunply valuos of enissivity which are reliable only at smell 
optical densities, i.e., under conditions such that overla ping of 
rotational lines may be neglectod. Under these conditions the line 
shape may be represented by a dispersion formula. Uso of the best 
aveilable experimental data on integrated absorption and rotational 
lino-width leads to calculated erissivities at room tezperaturos which 
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ere in excellent agroement with enpirically observed deta nublished by 
Ullrich ond tlotte1(?) . The tlieorsetical dopondenco of enissivity upon 
optical density ct room temerature has been shown to follow the cx» 
perimental observations elmost emctly. 

For low optical densities, the calculated eniscivity is found to 
be neeriy proportional to the assumed rotational linewidth, thus 
emphasizing the need for accurate line-width determinations at clevated 
temperatures. The esleulnted dependence of enissivity on rotations1 
linewidth permits the detorminntion of enissivity not only as a fimction 
of temperature, total pressure, and optical density, but also as a 
funetion of concentration of optically inert gas. For mmerical cel- 
dihina of this type it is necessary to have experinentsl data for the 
dependence of rotational line~victh on the concentration of non-enitting 


coses, 





5 
TI, PUDUANTAL TMMCRETICAL RELATIONS OF RADIANT HEAT TRALGFER 


As a backgromd for the numerical calculetions which follov, this 
section will be devoted to 2 presentetion of the basie theoreticel 
@avetions of raciont heat transfer, 

Rediation from a heated ges originates with a transition fran an 
excited energy level to a lower energy level, Those transitions ray 
Gorrespond to chances in clectronic, vibretionsl, or rotational energy. 
The electronic trensitions, involving nuch greater energy chances than 
the others, generelly produce radietion in either the visible or ultre- 
violet regions of the spectrum, Vibration-rotation transitions lead to 
emission in the necr infrered and infrerod regions of the spoctrum. 

¿2 radiating pas eiiis ates over & woll-defined ranse of 
frequencies, each individucl transition contributing to this ranje, The 
totel radiction is obtained by suming the radiant intensities corres :om- 
ing to the individuel transitions, A theorotiesl calculation requires 
the Imowledge of: 

(a) Tho mmber of molecules and stoma in each of the various 
energy lovols. With the &escption of thermal equilibriua, this distri-~ 
bution can be calouleted from quantum statistics, (10) 

(b) The frequencies corresonding to these trensitions must be 
imom, Spectroscopic measurements are available which will pernit these 
frequencies to bo calculated with a high degree of accuracy, (11112) 

(c) The spectrel Lino shape must be known os o function of ton- 
perature and pressure. Although this information is not mown eccuratoly, 
calculations of Doppler half-width and the offect of collision broadening 
based on recently published infrered absorption neasurenents 13) nay 





= pomit satisfactory estincteg, 

(d) For given transitions, the intonsities of icdiction derond on 
the transition probebilities which are related to the exporinontally 
determined valve of the interpreted absorption, (4,14,15,16) 
| A% ordinary temperatures the only immortent contributions to 





radient heat transfer originete with the infrared vibration=-rotation 
barda, Therefore, calculztions will bo restricted to this spectral 
region. At room temperature the problem may be simplified further since 
only collision broadening makes importent contributions to the lino- 
width. 

Tho spectral radiation intensity enitted by a blackbody is civen 
by the well-known Planck distribution lew: 


,3 hp Mo, 
p(r Jdr= αμα, [e Ar, | Jr (1) 





Here (>) âr’ represents the density of rediation $n wit volume in 
the frequency rango botween Pond par , h ropresents Plencktg con- 
stent, e ís tho velocity o? Licht, k equals the Boltmenn constant, and 
T is the absolute temperature of the blackbody onitter. It follows thet 
I, dr = ep (y) à y represonts the radiant energy enitted per unit 
area of blackbody por unit time in the froqueney interval betueen Y 
end / + d > , 

Aceording to the basic lew for ὑπο ausormmtion of monochrematio 
rediction, the fractional decrease in speotrel light intensity is pro- 
portional to the optical density, 1.0., 


“fe NE p - 





. 
7 





E pL reprooonts the optical density (1.6., tho product o? the opticol 





path longth Lend the partiel prosouro of the gaseous absorber p), ond 
is the spectral absorption coefficient. 





Integration of Sq, (2) results in the expression: 


yh er v. (3) 


where 1, is the intensity of transmitted light in the spectral ropion 
between P! ond H+ dv, and I,, is the intensity of the incident light in 
the same spectral range., The intensity of the licht absorbed is, thoro- 


fore, 


κ. E wt, 


= I, (i= ot PL) (4) 


According to Kirchheff's lew the ratio of the spectral enissivity 
to the spectral absorptivity is wmity for all substances which ere in 
thermel equilibrim, The emissivity is defined as the ratio of the in- 
tensity of rodiction emitted by a substance per unit croa of enltter por 
unit time wider specified conditions of temperature cond pressure, divided 
by the intensity of radiation enitted by a blackbody per unit area per 
unit tine under the sane conditions, The absorptivity (i.e., the frace 
tion of redintion absorbed) 4s evidently 1 - e“ PD by Za. (4). Honce 
1t follows fron Kirchhoff's low that the emissivity is also civen by the 
expression 


E (T= l= rP” (5) 


where both the spectral enissivity (E,) and the spectral absorption 
eoefficiont (/L) are functions of the wave number Hand the absolute 








ratio", 
The dispersion formula of Lorentz, which ip knoun to rivo a satis- 


actors representation of line shape at moderate pressures and ct ton 





peratures low enough to vormit neglect of Doppler broadening, may be 
written as 


K y 5 d 6) 


” 
(y-4,,)? 7 që; ^ 


for a single rotetional line, The tern 533 ropresents the integrated 

absorption for the line whose center Mes at the wave nunbor Fig. The 

quantity A43 is the spectral helf-width, wiich is defined as that fro- 
ney interval for which the absorption is groator than one-half of 





its maxime velue, The wavo numbers represented by Fs} may be ealeuloted 
from the Bohr frequoney rule, 

19 spectral absorption coeffictent P, resulting fron ell the 
rotational transitions of the fundenental vibration-votetion bend is, by 


an obvious extension of Eq. (6), 


EE. o 








p + D E y (7) 
q LL JP +X? w ua +x? 
where 


9 1 LE ! &3 ” te integrated absorption for the transition 


in which the vibrational aucntum number 
changes from 0 to 1 and the rotational 
quantus mmber fron j to j 7 1, 


R 


s the rotetional half-width of the spectral lincs 
which is assumed to be the same for all of 
the rotational Lines, 

O => 1 1 

V P434 C the wavo nımber of the line center of the 

indicated transition, 


At olevatod temperavwros the value of P, in the region of the 





ntel vibration-rotation band will be influenced by the contribu- 
tion from trensitions involving energy states above the first excited 
vibrational level. This influence can be accounted for by including an 
appropriate serios of terma 1n Eq. (7) for chenres in vibrational. quortm 
number n — n + 1, 

Fron the relation for the spectral emissivity given in Eq. (5), 
it follows that the total equilibrium intensity of radiation emitted per 
unit surfece area oor unit tino inte a solid angle of 2/7 steradicana in 
the wave numbor interval between y and P+ dy by heated gesea distributed 
uniformly at an optical density of pL is: 


«= fa - ον pL ) (3) 


Hore JÓ £s the intonsity of radintion omitted by o bleokbody in the wave 
nusber intorvol botween P ond P * dH into & solid enple of 27/steradiens 
per unit surface per unit time, The quantity Jp 1s obtained from Ba. 
(1) by miltiplying by c/4. It io given analytically by the relation: 


Gr -1 
jp dp = a +* fe * dV (9) 








Y = wave mmber (ar) 
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= absolute tamerature 
e * ρποἩ = 3.732 x 1075 org = σύ sec” 
c, * dVK = 1.432 œ -°K 


Aceording to the Stephan-Doltamem lov, which is obtained by 
integrating Bq. (9) over the wave mmber interval from sero to infinity, 
the totel energy omitted by a blackbody is proportional to the fourth 


power of the absolute tenoerature, i.e., 


Jo =» go TÉ (10) 


p 


waere o” is tho Stephen-Doltigmann constant, The enfinocring definition 
of the overall exissivity is 


u 


£ = j 3, år Jr% (11) 


Sinee the interest'here is ih comering theoretical calculations with 
empirically determined (engineering) enissivities, further discussion 
will be restricted to Eq. (11). 

The nroblem of emisaivity calculations reduces to the evaluction 
of integrals of the type show as Eq, (11). This integration can vo 
accomplished if the width of the rotetional lines is co small thet they 
may be treated as being conpletely separated, This problen is considered 
in Section IV where it will be show that the results obtained zre 
applicable at moderate total pressures provided the optical densitios 
are not too largo, The interrals cen also bo evaluated approminetoly if 


the pressures are so high that extensivo overlepping of the rotational 


11 


lines occurs. The pressures cxperienced in rocket canbustion chaners 
ere sufficiently high to justify a treatment based on extensive ovar- 
lapping of rotational lines for mony nolocules, ‘”) Coleulations of the 
enissivities of cases at intermedinte pressures and optical densitics 
are mors complicated as the result of partial overlapping of rotationcl 
lines, 











BASIC HRTRIGAL DATA 


This soction will be devoted to a cammilntion of the nımeri 


deta which are necessary for nerfoming emissivity calculations. 


A. Dotemonotion or Lino iduba 


The svectral lino hnif=aridth A %e dofinod as the frequency interval 
for which the absorption is rreater than onom-heif ite neaximm value, The 
determination of its marnitude umder different conditions of optical 
density, total pressure, and tonperature is complicated by the number 
of influencing factors, such as Doppler broadening, collision broadening, 
Van der Weol's broadening, electric Molds, ete, witch offect ite voluo, (13) 

*ne natural half-width of the rotational lines is nepslicibly 
smell, Aveilablo theoretical and exerineontcl infor tion» 19) indi- 
eates that the rotetional lines of a simsle diatamic molecule ot noderate 
pressures my bo considered to be comosed orimarily of the contributions 
resulting from Doxpler and collision broadening. 

The Doppler half-width of c rotationol line ig exprossod Uy tho 
relation Y, 


>. x 
x p = (lg 2)* (2/7) pe (12) 


where R is the cos constant per mole, M is the molecular weicht of the 
emitting Gos, end y, la Ihe wave mmber of tho center of the rotetíonel 
lino, 

The half-width dq, resulting from collision broadening can be 
obteinod fron the rolntionU), 





13 
e," Gm (emer)? "b [ (m = m)/m jt (13) 


where ρ is the optical collision dianeter which nust be determined 
empirically, end τη ond My ore the masses af the perturbing and absorbing 
molecules, respectively, 

Reference to Ec. (12) indicates that the Doppler holf-ridth con 
be determined vithout the uso of experinentel, data. For the case of 
interest in connection with the presont onissivity caloulations, i.¢., 
at temooratures of 300 and 500° K, the Doppler half-width 4s nepligibly 
small compared to d,. (For CO et 500% K with M9 equal to 2100 aut At 
is found that q ~ 2.1 x 10 e”) 

It is evident that 4, cannot be calculated fron Bq. (13) since P 
must be determined experinentelly. For the present ocloulctions, 
experimentelly detorminod values of the rotctional helf-width will be 
used, It has boen found l7) that the rotationel halfawidth for self- 
broadening of 00 is 0.077 ei^. atm^73, ‘Tho calculations deseribed in 
Section Y indicate thet this value for the rotational half-width leads 
to good agreement with the aumerimentally detormined amiesivitics roported 
by Ullrich, who, however, performed his measurements on mixtures of CO 
end air. The rotational half-width for CO-eir mixtures hes not been 
measured. It is probably somewhat less than 0.077 at! ota. 


Be 





According to the Bohr frequency rule, the transition between two 
nowdegenerate stationary energy stetes fy and By wiere I, >? Es » Will bo 
eecomanied by the enission of radiant enerry of the frequency: 





Y, 


Hj» Ho à 


where h is Planck's constant and ce is the velocity of light. It is well 
lmown that the enerry levols for a diatomic vibretingw-rotating nolecule 
can bo expressed eccurete1y 10) by the roletíon 


Elm ¿y = Ün + 7 )he re - (n+t)*he Kele + jGrı) hc Be (15) 
-J(uv)! he De - (n* Z)/ (yo) he«' 


wnere 
Fr = po (1- Lo) = pe ()-2 Ze) 
£ 
Do * Fe - 73 < 
5 t (Paa)? ü Pep 
He (ες ΠΣ o « 1] 


The empirica1 constents for carbon nonoxido gre (20) 


Ν 
N 


= Ye ke 


ype = 2342.3 ei 
B = 196 a 
X" = 0.00620 
He = 0.006124 
Y = 0.00994 

Ó * 0,0091 

οί = 3,199 


The wavo nuiborg of the spectral Line centers associated with the 
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TABIE 1 


WAVE inpmens (ed@2) CORRESPONDIMG TO EMEROY TRASITICS 
POR THE FUDAMENRAL VISRATION=ROTATION BRAID OF CO 


n--n*l, Aj 2. -1 

1 —= 2133.4 2119.7 2085.4 2056.9 2032.4 2005.9 
< 1 2134.6 2106. 2061.6 2055.1 2028, 2002.1 

3» 2 2130.6 
æ 3 2126.6 2200.3 2073.8 2047.4, 2021.0 1994.6 

= 4 212206 
e» 5 2186 2092.3 206.0 2039.6 2013.2 198.9 

7» 6 2114.5 
8-- 7 200.4 2084.2 2057.9 2031.6 2005.4 1979.1 
10 e 9 2100.1 2076.0 2049.8 2023.5 1997.3 1971.1 
12 11 2093.6 2067.6 2041.5 2015.3 199.2 1963.1 

13 -- 12 209.3 

15 — 14 2050.7 
16 «o» K 2076.3 2050.4 2024.5 3995.4 1972.4. 1946.5 
Wee 17 2067.4 2041.7 2015.6 1999.8 1963.9 1938.0 
2h <=» 23 2040. 2014,6 1965.9 1963.1 1957.4 1911.8 
26— 25 2030. 2005.3 1979.7 1954.0 1923.4 1902.8 
30 — 29 2011.5 198.4 1960.9 1935.3 1909.9 185.4 
32 — 31  2001,7 1976.7 1951.3 1927.3 1900.4 1875.0 
Shee 33 1991.8 1967.0 1941.6 1916.1 1990.8 1065.5 
96 35 198,8 1957.1 1991.7 1906.4, 1871.2 1855.9 
38 — 37 1971.7 1947.0 1921.8 1996.5 1971.4 1046.2 
DD 9 1961.4, 1936.9 2911,27 1936.5 161.4 1836.3 
12 > 4l 1951.0 1926.7 1901.6 1976.4, 1851.4 1026.9 
A 43 1940.5 15163 191.3 1866, 1641.2 1916.2 
tom 45 1929.9 1905.8 1880.8 1855.8 1631.0 1906.0 
4B mm 47 1919.1 18952 1970.3 1845.3 1820.6 1795.7 








ims 
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{11114111 
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BbBPSPassssSSSOBSJ33d32996£93 


TADIA I (CONTINUED) 


1504.2 
1470.8 
1436.8 
1402.6 
1367.9 
1332.7 


EE u 
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TABLE 11 


IAVE NUMBERS (al) CORRESPOIDIMO TO LEPGY TRAISITIOID 


< 
1 
HF 
| 

< 


SSEGESYVVYESRRSRSRSRERGHEE Bw anawawnno 


ΕΕ ΕΕ ΕΕ ΤΕ ΕΕ ΕΕΤΤ ΓΕ ΤΕ ΕΕ ΤΕ ΕΕ ΕΤΕ ΕΤ 


ου ΕΝΟΣ Ν 89 ΕΕ. Ὁ ΗΕ δ.ο ο -ᾱ ονιῤ mn m 


næ n +t l, 


1 —= 2 
2119,6 
2123.3 
2130.7 
2138.0 
2145.1 
2152.1 
2156.9 
2165.6 
2172.1 
2178.5 
2184.7 


2190.8 
2196.7 


2-3 


aj 9 *1 
3-4 L5 
2066.4 — 2039.6 
2070.0 2043.4 
2077.3 2050.6 
2004.4 — 2057.6 
2091.4 2064.5 
2098,2 2071.3 
2104.9 2077.9 
2111.4, 2084.4 
2117.6 2090.7 
2124.0 2090.93 
2130.1 2202.9 
2136.0 2108.7 
2141,90 2114.4 
2147.4, 2120.0 
2152. 2125.3 
2150,1 2130.6 
2163.3 2135.7 
2168.2 2140.6 
2173.1 2145.3 
2477.7 219.9 
212,2 2154. 
2196.5 2156.6 
2190.7 2162.7 
2194.7 2166.6 
2196.5 2170.4 
2202.2 2174.0 


POR THE PIDATETAL VIBRATIO «ROTATION BAND GF CO 


5 == G 
2013.2 
2016.8 
2023.9 
2030.9 
2037.7 





J - 1 — j 
51 52 
53 e» 54 
55 -- 56 
fm 59 
y) mo. 60 
6l =» 62 
63 -- 64 
65 -- 66 
(9 -- 70 
71 — 72 
73 -- 74 
75 "76 
7 - 75 
79 u 50 
Sl Ὁ 
52- Ὁ 
7 — GÀ 
59 = 90 
9l 4 9 
93 -— 94 
5 — Οὐ 
N 98 
99 ee 100 
104 - 105 
109 — 110 
— 115 
119 — 120 
1204 —» 125 


TABLE II (CONTITUZD) 


12 23 3-4 
2262.6 2234.2 2205.6 
2266.1 2238.0 2209.0 
220% 2240.8 2212.1 
2272.5 2243.9 2215.1 
2275.4 2246.7 2217.8 
2278.2 22494 2220.5 
2200.8 2251.9 2222.9 
2203.2 2254.9 2225.1 
220504 2256.4 2227.2 
2207.4 2250.4 2229.1 
2289.3 2260.2  2230,8 
2291.0 2261.2 2232.3 
2292.5 2263.2 2233.6 
2293.8 £ 2234.9 
229409 2265.5 2235.6 
2295.8 o3 2236.8 
229666 2267.0 2237.1 
2239701 8 2237.5 
2297.5 2207.8 2237.7 
2297.6 2207.9 2237.7 
2297.6 2267.8 2237.5 
2297 3 5 2237.1 
2296,90 2267.0 223665 
2296.3 3. 2235.6 
2295,5 2265.4 2234.6 
2202.6 2262.3 2231, 

2288.4 2257.9 2226.6 
2282.9 2252.2 2220,9 
22760 20 2215.9 
2267.0 2236.9 2205.2 
22506% 222703 2195.2 


5 a» Ὁ 


2140.0 





19 
TABLE TIT 


WAVE NUMBERS (em™) CORRESPONDIIG TO ENERGY TRANSITIONS 
FOR THE VIBRATION-ROTATION BAND OF THE FIRST OVERTONE OF CO 


n*.n+2, 0d = -l 


J — j —ü— 1 O —= 2 1 —= 3 2 £ 3 -5 4 6 5 —= 7 


O 42542 4201.1. — 4148.0 — 4094.9 LOLLY 3988.38 
i 4250,3 4197.2 424.1 — 4091.1 4038.1 3995.0 
+ 4242.2 4199.2 4136.2 4083.5 2090.3 3977 3 
2 4232.9 4130.9 4226.0 — A075.1 4022.3 3969.4, 
οὐ. 10139 — 399.0 
E 4226.3 4163.6 4210.7 4058.0 4005.3 395225 
Aa 4197,6 4445.0 4092.4 4039.6 3967.3 3934. 
= 22.779 4125.4, ¿072.9 4020.4, 3965.0 3915. 
19 4101.6 4115 2 4062.8 4010, 4, 3958.1 3905. 
2L 4157.0 4104.6 4052.3 4000,0 3947.5 3895.4 
23 402 4094.0 4041.7 B84 3937.4 3249 
25 4135.0 40 40027 3976.6 3920.5 3874.2 
27 4123.7 40715 4019.5 3997.4 3915.4 3863.2 
22 4112.0 2 4006.0 3956.0 | 3904.0 3851.9 
31 4100.1 4048.4, 3996.3 3946.4 3992.5 350.4 
33 4379 = 4096.4, | 3984.3 3932.44 | 3890.6 3 
35 407505 4024,,0 3972.0 3920.2 3868.5 3016.6 
37 ° 4011 3959,5 3907.8 3856.1 330402 
39 ` 4049.8 2928. 946.7 3095.0 3843.5 3791.6 
4l LD 6 3985.4, 3933.7 3082.0 3850.6 3778.5 
43 4022.1 3972.0 3920.4, 3568,68 381704 3765.7 
45 4007.6 3958.4 Z .Ü 3855 ed, 3504.0 3752 oh 
ΦΥ͂ 395.3 ° 3893.0 3841.6 3790.4, 3735.8 
49 3001.1 3990.4 3679.0 3827.6 3776.4 372409 





j—3-1 
50 -- 51 
4. 53 
50 -- 55 
58 57 
62 — 61 

=æ 03 
69 -- 67 
70 = 60 
72 == 71 
le Τὸ 
76 75 
75» 7 
> 79 
O2 S21 

- 53 

ap 55 
S9 e- 87 
90 -- 5 
92 — 91 
94, -- 93 
96 ææ 95 
98 -- 97 
100 , 99 
105 — 104 
110 « 109 
115 — 114 
120.— 119 
125 we 127 
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TABLE III (CONTINUED) 


l +» 9 Law Á 3 —= 5 
3916.0 356400 3313.4. 
3901.4 3850.1 3798.9 
3386.6 3535.2 3794.1 
3971.4, 3620.2 379.1 
3956.0 3604.3 3753.9 
26540 εὐ 379.3 3738 

3324,06 3773.5 3722, 

3054, 3757 oh 3706.6 
3792.1 3741.1 3690.4 
2715.5 3724.5 5673,9 
3758.7 7707.8 2657.2 
3741.6 3690.8  %04.3 
2724.2. 3673.5 3623.1 
3706.8 3656.0 3605.6 
3638.9 3638.3 3598.0 
3670.9 3620.3 3570.1 
3652.6 30001. 3552.0 
2634.2 3553.7 3533.6 
3615.4 3565.0 3515.0 


3596,5 3546.1 3496.2 
3577 «4, 3527.0 Tek 
3562.0 2507.7 3457 8 
35303 3459.1 3433.4 
351864 3468.3 3418.6 
3498.4, 3448.3 3398.7 
344.7 62 .2 3347.8 
3394.7 3244, 8 3295.6 
3340.8 3291.0 .0 
3285.0 3236.0 3197.1 
3229,0 3179.5 3130.8 
3171.2 3121.8 3073.3 





j -1 J 
Oe 1 
- 2 
=» 3 
> 4 
- 5 
ææ Ó 
- 7 
— B 
-- 9 
— ὁ 
4» 11 
e» 13 
> U 
=æ 15 
=p» 16 
-- 17 
7» 18 
15. 19 
19 «=~ 20 
AL 22 
23 -—- 2) 
25 26 
27 — 28 
£9 — 30 
31 — 32 
33 — 3⁄ 
35 — 36 
37 — 38 
39 = 40 
41 -- ¿2 
A3 mm Ll, 
45 — 46 
We 45 
50 


WAVE NUMBERS (ent) CORRESPONDING TO ENERGY TRAUSITIONS 


al 


TABIS IV 


FOR THE VIBRATION=ROTATION BAND OF THE FIRST OVERTONE OF CO 


ne»n*2, Aj 


1 — 3 


2 d 
1259-1 
4166.2 
4173.0 
4179.6 
4185.6 
¿191.7 
4397.5 
4202.7 
£2075 


z 


+1 


3 — 5 


4102.3 


4123.0 
4119.7 
426.2 
4132.3 
4138.2 
4143.7 
4149.0 
4154.0 


¿158.7 
4163.2 


4193.1 
4193.3 








3 
- 
à 


61 -- 62 


Y 
RE 


3 
l x 
SÉRSOSGREBBSORSSS 


TABLE IV (CONTINUED) 


3 — 5 


= 





TABIE V 


WAVE NUMBERS (em"^) CORRESPONDING TO ENERGY TRANSITIONS 


FOR THE VIBRATION=ROTATION BAND OF THE SECOND OVERTONE OF CO 


n = n + 3, Aj =el 

jrrji-ol 0 --- 3 l dl, 2-5 3 —= 6 

Law 0 6343.4, 6263.7 6184.0 6104.4, 

2 =æ d 6339.5 6259.8 6180.1 6100.6 

4 + 3 6331.2 6251.7 6172.0 6092.26 

8 ha 7 6313.4 6234.0 6 5 .6 6075.3 
10 » 9 6303,9 6224.6 6145.2 6065.9 
12 -- 1l 6293.9 6214, 8 6135.4 6056.2 
iw 13 6283.6 6204.5 6125.2 6046.1 
16 15 6272.9 6193.8 6114.6 6035,6 
19 -- 17 6261.6 6182. 6103.6 6024.6 
20 += 19 6250.0 6171.2 6092.2 6013.2 
22 21 6235.0 6159.2 6050.2 6001.5 
24 23 6225.6 6146.9 6068,0 5989.3 
26 25 6212.6 613402 605504 5976.7 
30 >= 2 6135.9 6107,5. 6023.8 5950.2 
32 — 31 6171.6 6093.5 6014.9 5936.4 
34 — 33 6157.3 6079.1 6000.6 5922.2 
36 νο» 35 ό 265 CO ve le 5955.9 5907.6 
35 — 37 6127.2 6040.2 5970.5 5592.6 
42 — 4 6095 el, 6017.7 2929.4, 5661.3 
LA we 43 9,9 6001, 3 5923.1 5645.1 
bo 45 6062.1 5934.5 5901.6 5023.4 

2 > 47 6044,,7 ed, 550 ο 521,4 
5O = 49 . 5949.9 5871.8 579400 
56 -- 55 5971.7 5994, 6 5317.0 5129.4, 
Om 59 5932.8 5856.2 9778.5 5791.0 
62 — G61 5912.7 5036.2 5758.6 5681.3 


“ο-- 6 5825.6 5752.6 507545 5598 el, 





TADLS V (COUTINUZD) 


O — 3 
5806,08 
575405 
5761. 


7 
5733.6 
5715.1 


aa, 


3226.8 


509642 


3 = 6 


557047 
555406 
5532.2 


«2 
4757.3 
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TABLE VI 


WAVE NUMBERS (em™+) CORRESPONDING TO ENERGY TRANSITIONS 
FOR THE VIBRATION-ROTATION BAND OF THE SECOND OVERTONE OF CO 


n == n + 3, Aj = +] 


151551 0 — 3 l <= ¿ 2 == 5 4» 6 
Om 1 6351.0 6271.3 6191.6 6111.8 
lə 2 635407 6274.9 6195,1 6115.4 
$- ὁ 6361.7 6251.9 6202, 6122.2 
νων ó 6368.2 6288.3 6208.4, 6122.5 
Tm ὃ 631442 6294.4, 6214.4, 6134.4, 
9— 10 6330,0 639.0 6219.9 61404 
ll -— 12 6385,3 6305.2 6225.0 6145.1 
1394 1 6390,2 6309.9 22.7 6149.8 
15 -- 16 6394.5 6314,3 6234.0 6154.0 
17 -- 18 63984 6315.2 6237.6 6157.9 
2l 22 6405.0 6324.7 6244.2 6164.3 
25 Es end 26 ος 6329.4. 62 .8 6169.1 
27 2098 6411.7 6331.2 6250.4 6170.9 

2 32 6413.8 6333.3 625244. 6173.3 
23 — 6414.3 6333.7 6252, 6173.9 
35 + 36 3 6333.6 6252.0 6174.0 
27 --. 36 6413.8 6333.1 6252,0 6173.8 
43 —~ A, «7 6329 «Ὁ 6247 7 6170, 8 
49 -- 50 6401.6 6320.8 6239.2 6164.1. 
5l 52 6398.0 6317.1 6235.6 6161.1 
53 54 6393.9 6313.0 6231.4 6157.7 
59 = 60 6378.9 8.0 6216.2 6145.2 
Gl => 62 6373.0 6292.1 6210, 6140.2 
63 -- Οὐ 6356.6 6285.7 6203.7 6134.8 
65-- 66 6359.9 6278.9 6196.9 6129.1 
67 - 68 6352.6 6 6199.4, 6123.0 
6ϱ -- 70 6344.7 6263.8 6161.6 6116.5 








ο 


TABLE Vi (COMINUSD) 


0 — 3 l4 2 «q 5 3 «q. 6 
6336.5 6255.6 6173.3 6109.7 
6327.6 6226.9 616446 6102.4 
6316.7 37.7 6155.3 4.8 
6309.0 6228.1 6145,6 6096,68 
6296.9 6218.0 6135.64 6078.4 
6236.3 620 οὐ, 6124,58 e 
6277.2 6196.3 6113.6 6060.4, 
5.7 OLA, 6102.0 6051,0 
6253.7 6172.8 6090.0 6043.1 
«2 610.3 6077 64 6030.8 
6228. 3 6147.4, 606464, 20.02 
4.8 6134.0 6051,0 6009.2 
9 6120.21 6037.0 5997.9 
6186.5 6105.7 LM 5985.1 
6171,6 6090.8 6007, 5077,90 
6132.4 60510 5968.2 5042 92 
6039,8 6009.2 5925.6 5008.1 
6043 5963.8 5830.1. 5871.8 
5995.7 5915 el, 5921.4, 5833,3 
Hol 5863.8 377947 37929 


5389.3 5809.2 5724, 9 5749.6 
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E πὶ perme 7% pews 2 He | 


(the fundamental and first and second overtonea) for carbon nonoride are 
listed in Tables I = VI, inc. 


C. lhmeriool Cciculation o Intecrated Absorntion of Rotational lines 


The following outline for tho calculation of intogratod absarption 
for general vibrating-rotating diatomic molecules is valid for enitters 
which are in thermodynamic equilibrium, 

The integrated absorptions for transitions from the ground 
vibrational level for the rotcetLonal lines of a dintonic molecule, in 
the region of the fimdanental vibration-rotetion soectmm is given by 
mheincr's equation (14) ë 








ξου | 
NS p-e/ MEE νο d eke he ^b F. G. (16) 
tC JRE Voss 2 (2 Jexp[- ^^: 


- : - £o - 
|" MTE Ki y Jezel 9 ιτ EG 
ES Z€ ον, 2 E i») exp [Ei] 


(17) 


The various synbols have the following nmeaning: 
m = mmber of emitting noleculoc por unit volusas per unit of 
total pressure 
reduced mss of carbon nonoxide 
£ = effective charge (esu) which mst be detormined eaperically 


Y 


e = velocity of Licht 
En,j © amroy of tho nÈ vibrational and JUE rotational level, an 


explicit oxpression for which wes given proviously 





HST Fr »S 
m 


Fin 


Gs = 


Y = 
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wayo number (on™) corresponding to the (forbidden) trans- 
ition jJ = O -3 =: 0 aŭ n = 0O-»-n = 1 

wave mmber for the rotetional trensition j -> j' and the 
vibretional trensition n -> n! 

tæmereture in οκ 

the Boltzmnn constant = 1.30045 =x 10” 16 erg/?X 

Planek!s constent = 6,6242 σ 10 ge orp-8Goc 

moment of inertia of the enitting moleculs 

μ΄, Br and oT = 2,7113 derreos for carbon monoxide 


1*4y;(1* F - 2r) 
IT 
8 


1-4 (1-8 - 


bem (Pur) 
1-ep-(^ Ar) 


Π/µή 9 2.116 x 107 


As is discussed in more ceteil in Section D, tho term 


P D (23 +1) ex» - (En,j/k?) ro resents the comploto partition 
n . 


J 
function and eon be evaluated by standard stctistiecal methods. If this 


term 4s represented by Όψη, then Eq. (16) and (17) can bo written as 


pe 4 
ss s. bizia /'lerp-(Yr)] £6. (18) 





~ Oo / Nr 17 E Lo J- 
Cika E. I IM 
Ec (PIE c vr) vo, * [erel í 7; JJ > (19) 


p 


respectivoly. 

The term in the first bracket of Dag, (10) ond (19) is temperaturo 
dependent beceuse both D» end Q, fa very with temvoreture, The effective 
Charge £ is prosumuly a constant. It has been determined aupirically 
and has the valus 3,14 x 10” 10 electrostatic unita, 7) Ássuninz the 
validity of tho ideal sas law, it is found for carvon nonoxide et 300% 


that 
2 
Tact 5 246.904 atmos) a 





2 2 
MIE_ . RADIAL X 19^ (em-eee-ctuos) 72 


Using the licted mmoricel voluo for !ILFE^/jao, it ia o sinple 
matter to dotormino the valuo of (8 = IWE”/24 Qui. by colculcting 
rim according to the nothod described in Section 111,.D, In verticular, 
at 300%, it will be show (Cf. Section III.D) that 
whence it follows thet 

2 
Nz ITE 
4 C'Qvym 


Referring to Eos, (13) and (19), it is annarent that tho terms in 


= 373.4 e” atmos”? 


the second brackets cre elso depondent on the terpercturo but do not 


devend upon the effective eharie and therefore can be calculated 
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wately without requiring knoulodpo of intoprotod absorption. These 
mensionless terms are represonted by A ] -; e and A ' BE , 
respectively, where the superscripts and subseripts denote again the 
vibretion2l end rotational transitions, respectively. They have been 
evaluated at 200, 500, and 1000%, the results being mrmorized in 
Tables Vil through ΙΧ, 

By the combined use of the value of 3 with the data listed in 

Tables Vil throug: IX it is possible to evaluate tho intorroted absorption 


for the rotational transitions from the relations: 


IT: BAS apja (20) 
0 — 1 - 0 — 1 
jer" 0512191 w 
Iumericel voluos for s 0 —1 end s0->1 are eigo listed 
j>j-1 j- 1 — j 


in Tables VII to iX. 


A revision of integrated absorption velues required an the rosult 
of a chenge in effective charco may be accomplished hy a recaleulrtion 
of Tables VII to IX, Relative values of intcereted chaorption for 
different rotetionel transitions are independent of effective charge and 
may be detormined directly from the dete available in Tebles VII through 
IX, 


The integrated absorption for the rotational Lines ecamposing the 


first overtone will bo identifiod by the symbols 5 ' αι i 
—p 了 一 
9 ; e 4» depending upon the pozxtiewloar rotational transitions 


which aro involved, The auartities 5 ο -- 2 end Ὁ a >> 
š — š = à Je kag 
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TABLE VII 


TABULATED τις πι ο Μα τας POR CANSO iQUOXIDE 


AT 3009 K 
Transition Tronsition 
10^9j.j-31 5 09 109494.1,4 s 01 

4>3=1 J»j-1 j-1>3 j=1>j 

1> 0 5.5270 2.0042 0 — 1 5,5716 2, 0005 

3—2 15,279 5.7053 R= 3 15.641 5.8405 

5— 4 21.755 5.1347 £ — > 22.647 8.4565 
10 — 9 21.317 1.959 9 —10 23.035 . 
11 —10 19,227 7.1795 10 -ν 11 20,040 7.5191 
12 —> 11 16.997, 2e 2096 11 — 12 13,529 6,9199 
13— 12 14.453 5. 3969 12 — 13 15.985 5.9689 
16 — 15 7.8568 2.9338 5> 16 5,9096 3.31% 
17 — 16 6.1260 2,2978 16 — 17 6.9855 2.6004, 
18 —, 17 440734 1.7451 17 > 18 5.3693 2,0051 
19 +15 3.4599 1,3031 18 — 19 4.0391 1.5002 
20 — 19 2.5509 095252 19 — 20 2.9752 1,1110 
22 — 21 1.2506 |. 47526 21 — 22 1,6220 0.60567 

— 25 0.5924 22171 σπα 0.7725 0.25845 
— 25 0,2529 «094435 25 — 26 0.3399 0,12692 

30 —- 29 0.0364 .013592 29 — 30 0.0521 «019455 
35 — 3, 0.0021 0075415 34 一 35 „OOL, .0052276 
40 — 39 0,0001 «00372407 39 一 如 0,0000 0.00000 
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TABLE VIII 


TABULATED INTEGRATED ABSORPTIONS FOR CARDON MONGEZIDE 


AT 500° x 
Transition 
107A? 41»1-1 g 0-1 要 L... 051 
jj ae joj-1  10749j-1»j m 
8.702 1.51270 2— 1 8,655 1,51157 
12.698 2.2073, 2—2 13.651 2.20439 
16.286 E > JA — 3 16,250 2. 024,80 
23.753 ve 7 —- 6 23,671 Le 
24.949 4.33698 $—7 πι 4.32169 
25.532 4.43833 9—-8 25.437 δι 111. 
24 049 4. 18053 12—-11 23. 42 17,924, 
21,076 3.66372 14,—13 20,323 362322 
13,401 2.232955 10-217 13,139 2.25400 
9.5041 1.70429 20 — 19 9,5657 1.602% 
6.7962 1.1014 22—21 6,9965 1.14670 
44/719 0.77737 24-23 44.3162 0.75030 
2.7993 0.48661 26—25 . 2.6040 0.46657 
1.6649 0,232942 28—27 1.5877 0.27600 
9.4383 x 1072 0.16408 30 — 29 «0436  0.15547 
5.1001 x 107i 0.085658 32 — 31 .45009 0.083456 
2,6207 x 1071 0,045696 Y > 3 «24575 0.042720 
1.2928 x 107i 0.022473 36 — 35 «12002. 0 020364, 
6,0739 x 107? 0,010559 38 — 37 «560137. .009737 
2.7258 x 10% 0.00473, 40 — 39 .249107- ¿004330 
1.1678 x 10% 0,0020300 42—- 4 ¿105931 ¿001242 
4.7830 x 1072  0,00083195 --4 3090 ,000749 
1.8720 x 10? „00032542 46 = 45 1674672 0002911 
7.0211 x 10% „00012205 48 +47 622472 „000108 
2.5196 x 10% ¿000043799 50 -- 49 2214479 ¿00003349 
8.5011 x 10? .000014778 52 > 51 753 M .00001309 
55 54, —- 53 24,546 .000004207 


Wm x 1 » 00000484 
6.8517 x 17 .0000011911 56 >55 724279 000001343 
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TABLES IX 


TAMILATED INTEGRATED ADSORITIONS FOR CARBON OICKIDS 





AT 10009 K 
ition Transition 
107193.3-1 1o s O*l rt 105 01 
$e nos j-1»j j-1>3 
1>0 20.23 1. 90576 0-1 20,039 1.79724 
2— 1 工 40,023 3.58955 MI 39.654 3.55646 
ΙΓ; 40,8 9.93735 5—6 107.76 9,665470 

8—77 137.25 12.30958 7 一 8 132.2% 11.86025 

30 — 9 155.66 13.977866 9 — 10 148.78 13.3/368 

12 —11 166.17 U,.90333 1-12 157.12 14,.09167 

4 +13 168.43 15.10603 13—1, 197.77 14.149977 

16 — 15 163,55 14,66835 15 — 16 151.76 13.61094 

22 —21 120.74 10,8234, 21 > 22 106, "0.76067 

24—23 102.39 9,135306 23 - 24 91.406 8.1 

26 — 25 84,387 7.566565 25 — 26 74. 564, 6.68744 

30 — 29 He hela 29 — 30 45.649 A. 0041, 
— 23 29.021 2.65662 33 — X, 22.205 205070 

36 — 35 24.370 1.91662 35 — 36 17.943. L. 

40 — 39 10.332 0.92656 39 — 40 9 0.76143 
— 43 4. 5350 0.400732 A3 — bh ERI 0.32665 
— 45 De 0,260085 45 — 46 2.3033 0,20658 

50 — 49 1,1058 0.099176 49 — 50 0.8581 0,07 

52 > 51 0.6598 0,059176 SL — 52 0.5058 0.04536 

58 — 57 0,1225 0,010936 27 — 58 0.0771 0.006915 

60 — 59 0.0668 0,005991. 59 — 60 0,0435 0,004350 

62 — 61 0,0357 0,003203 61 — 62 0,0270 0,002722 

64 — 63 0,0186 0,001668 63 — 64 0.0139 0.001247 
一 0.0095 0,000852 65 — 66 0.0071 0.000636 

68 — 67 0. 0.000430 67 — 66 0.0035 0.000313 

70 — 60 0.0023 0.000206 69 — 70 0,0017 0.000152 

72 — 7L 0,0011 0,000098 E > 0,0006 0,000071 


74 >"73 0,0005 0,000044, 73 +14 0,0004 040000358 





A, 


TABLE X 


IDUIATED INTEGRATED APSORPTIONS FOR CARBON FOUOKIDE AT 300° 


Trensition 105 9 +? 1 Trensitin 10^ s 0 -*? 
Farol K. KL fel] j - 1 — J 
lap 0 1.42543 O0 — 1 1.43971 
3 2 3.94307 2 — 3 4.04163 
ὁ -ν 2 4091368 35-4 5 06952 
5 => 4 502921 4 -p 5 5.05190 
6 —> 5 6.097597 5 > 6 3. 36666 
7 6 6.26253 6 -— 7 6.60957 
8 — 7 6.20053 7 => ὃ 6.59515 
9 — 9 § 93510 6 — 9 6.36536 
13 — 12 3.73465 12 — 13 4013045 
li, — 13 3.11935 13 — U 3.47702 
15 — 14 2.54521. Y — 15 2.059005 
16 —9 15 2203019 15 —» 16 2.29975 
17 — 16 1.56316 16 — 17 1.80501 
16 — 17 1.20761 17 -e 15 1,395753 
19 — 15 0,901705 15 - 19 1.04367 
20 — 19 0,059144, 19 —. 20 0,769912 
22 — 21 0.330956 2l — 22 Qa 419124 
24, — 23 0.153077 23 — 24 0.8 
26 — 25 2065349 25 —e 26 O07825 
28 — 27 .025738 7 «o 23 .035736 
20 — 29 |009405 29 -- 30 «013463 
35 —e 37, 0005426 34 =e 35 ‚0036175 


¿0 — 39 002540 39 =» 40 ,00000 


are obtained fron 5 Q — 1 and Ὁ y e 1” res octively, by 


multiniying by the ratio of integrated absorotion of tho first overtone 
to the integrated absorption for the fundamental, The exserinentclly 
observed ratio (17) is 


1.54/227 = 6.92% 107 (22) 
Using this retio, the results sw=urized in "eblo X are obtained for 
i>3i-1 5 -1 --4 
D, HWetbods Lor the Detox notion of tho Compiste Por on Function 


the conplote partition function 


Wim " 2. 2. (2 * 12) exp - (En, 3/8) 
n j 


may be evaluated by standard statistical notheds, 10) 

if the molocule is approximated as an ideal diatomic gas, 1.6., 
a diatomic ras whoso onorpy is ocuel to the om of the energics of a 
one-dimensional harnonic oscillator and of « rigid rotetor, then it ean 
bo shown tiat (10) 


z E 
/ g D, 4c? oo ve 
Quim * Flames) (+P +e + Tere (23) 


T = absolute teupereture (9K) 
h = Planck's constant = (6.6242 x 10797 er(-80€), 
' k * tho Doltzuann constant * 1.30049 x 1071 enp/% 
H = tho vilrational froqueney of? the moleoulo under consideration 
pm s p^ / 5m 1k 
uf o9 h//k 
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the spectroscopic date for carbon nonoxido collected by pei DS 
load to the results 
OT = 2,743 decrees 
E = 2066.9 degrees. 
Using these 221a, ropresentotivo nusorienl values of Seas far 


carbon nonoxide treated as an ideal diatonic pes.ere sizmerised below: 
TABLE XI 


Q ja ER CO (ASSTESID AI IDEAL DIATOMIC COS) AS A FUWOTION απ 


0.66122 


8.52205 
82,5871 





If allowance is made for vibration-rotation interactions within 
the molecules , and using an expression for the internal energy of the 
form given in Da. (23), it is found that the partition function for the 
general distonic pas(10) is 


ub E. 2 
Qu» > y) [FE tJ e E) oo 


x 
were exp -(4 [mane ~2 J) 











48 derivod fran exp” (yo AE ) 
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ond 

T = absolute temorotzre (95) 

ο = velocity of light - 2.0977 x 1050 on/sec 

T = Bonc/k = 2,743 derroos 

ur o heo (1 < k&)/k = 3066 

Y = 0.0029, 

Ö = 0.0091 

Go = 1.916 art 

Imorical velus of Gyan, celeulated using Eo, (24) are sirmarized 
below: 


TABIL XII 


win FOR CO (GiGIRAL DIATOMIC GAS, VIDRATION ROTATION INTERACTION) AS 4 


8.292231 
81.650755 








= 
- 


ivITY CALOULATIOID POP DIATQUIO CASIO WITH NO ΟΙ τσ 


ROTATIONAL LIVES 


the basic equation for making enissivity celcoulctions hes boon 


Piven vroviously in Eq. (11), viz., 


= 人 ArAr (11) 


If Jp is calculated fran Eq. (3S) and D, is detormined from the dispersion 
formule presented in Eq. (7), then Eo. (11) can be used for ealeuleting 
the emissivity at all values of the total pressure and the optical den- 
sity. 4 calculation of this sort is extronesly Icborious and reauircs 
numerical integrations. For this reagon the present discussion will be 
restricted to developing appropricte relations for caleuleting the 
emissivity for non-overlapping rotationczl lines. Tho results of these 
ealculetions will su»plaent previously published date which are reliable 
only under conditions of oxtonsivo overlappin: of rotationel tines, (967) 
At low pressures the rotational linos are so narrow that the con 
tribution to P att any wave nuaber wil oripinato with but a single 
rotetioneJ line. This means, for aximie, that in the vicinity of the 
rotational line whose center is at μι E $$ „> tho only tom which 
makes en apporecieble contribution in the evaluction of Pp in that region 


is 
SET 

ana T7 _ _ _ 

οφ.» 


Therefore, it is possible to subdivide the intervel of interrction of 
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Eq, (7) in such a manner teat each subinterval 48 centerod about ono of 

the weve numbers £ Cee. | 
jwjel 

assunption of non-overlavping Lines, the following close approximation 


is obtained: 


Within the limite of error of tho 


E --/ 


E- ES à V εν [l-e ú JJ "lan 


Ar; or, 
(PS, el 
+J (e 257) p-e f- Jar) 


Here Fri z;. D) ma PGA T reprosent, to c very close 


approximtion, the spectral intonsities of a bleckbody radistor ovalunted 


(25) 


at the line centers corresponding to the iIndleated transitions, 
Similerly, P ; - «1 αὶ 5 i "A i cro the characteristic voluos 
ef the spectral abeoxption coofficient which would bo valid if only tho 
indiceted transitions occurred, The actual extont of the subintervals 
OVa πον be chosen arbitrarily, For convenience, they may be chosen to 
extend from a wove number midımy between two line centors to the w.ve 
munber nidwey between the noxt successive line centers. The subinter- 


vals need not be of ecw] κ Tho error introduced by replacing 


£ 
{ [i-e e, PF ) TN 
p, 


m ο 
y [/- ë (Pss ,, 7" ar 
-00 


for tho non-overlapping condition is negligibly encll at low veluosa of 
optical density. Tne mepmitude of this error increcses with increasing 
optical density pL, 1.c., incroased overla ping of rotational linos, and 
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ean be estincted readily by mrerical celeuletions of the tyse deseribod 


in Section V.A. The sumotion indicated by Eq. (25) then becomes 


=, “a 
4 — = uu ET úl "ae 


(26) 
gy" den 4 am r^ dr 
+ (^; JJ .) κ / 一 
Infinito intogrcis of thin type have been evelunted by Ladenburr 
and Reiche for spectral absorption coefficients riven by Ea. (6). The 
irterretlons result An the e:-ıresslon 
J 0 
po prey +, PA) E #4 
j-e dr = aTa Ke [GKN iLE a, 
- 00 
where 
E, = gt wnil ifn 
j J — j > 1 
Jo =  fPesgol friction of sero order 
dq = Dossol function of firet order, 


Substitution into Eq. (26) results in 


A 
f. Lar = 2774 δ f CITE AS Gg) GJ (28) 


ο" ( oJ] £j-, e [A (ὸ 4.) -2J, l 79) | 





where 
o 0-1 


J = 8 | I pL/2 mA 


This equation indiectos the sethod of calculation of tke suwxaed intensity 
of radistion of a sorios o2 non-overlo»oinz rot2tíonol lines conuposinc a 
given vibretion-rotation bend. 

Eq. (27) may be wed to obtain asymptotic Liniting forms for emll 
and large values of Y 49 Tbe Dossol function E can be uritton(i9) 


as a pover serios in %/2 as follows: 


Do « LET Lg u 0807 


o/n/ 12 (m»1)! ^d ο 3/ (093)! 


Therefore, incorporcting suitable expansions of the remaining terns, 


My 
^W h E e [νο GPL CZ) = 


(29) 
7 
Me OS «σεις, 
A τ’ 4 Vw ) 
where only the first tern need be retainod for sufficiently small values 
ot X je Similarly, for lerse values of É}, 
- | 有 
um πας [¿ Gu) C K) < 2< 727; (30) 


Aye 
The application of Za. (29) is particularly useful in caleuletions in- 


volving non=overlsppins rotetional lines, Tho condition of larre ¥ T 





Ae 


for which Lo, (30) amlies, cenerclly implica the occurrence of 2 vro- 
clabie ovorlepviny between rotational limosa, 

kt elevated tenverctures it is necessary to consider theo contri- 
butions from vibrational trensitions other than the 0 ~~» 1 transitions. 
For this reason, tho totel radintion intensity mist bo calculated by 
incluling in the sm indicated in Bq. (28) terms resulting fron the higher 
vibrational trensitios (2 +1, 3 — 2, 4 —» 3, ete., in addition to 
1-0). Furthermore, at large optical densities, overtone trensitions 
may male appreciable contributions such that tho vibretional transitions 
2 ->0, 3 =l, 4 -» 2, ote. mst bo considered, 

For non-overlap ing rotationcl lines the intensity of rediction 
emitted by the first overtone is piven by an obvious modificction ^f 


Eq. (22). Thus, for the first overtone of CO, 


Lu 3 tas / -Hi | ? 
| M. de = ua) Kann = [^ ez) 12 (:y;)) (31) 


o / u, E E E. u^ 
+ ami? Kj- € : PA (625) -4 C κο] 


Us * 5 21-1 pL/2 Te 


£ œo O0 -> 2 
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V. NUSERICAL EMISSIVITY CAICULATIONS POR CADPDON MONOXIDE A? 300% x 


This section vill bo devoted to the nunerical emissivity cal- 
culations of carbon monosdde at 300° K, 





fs was discussed in Sections III ond IV, euigsivity calculotions 
for non-overlapping lines, at temperatures low enough to vermit neglect 
of Deppler brocdening, can bo oorriod out since the rotetional lino- 
shape is represented satisfactorily by the dispersion formula of Lorentz, 
Eq. (6). 

To illustrate the effect of overleppint on Pp , represontative 
calculations involving the contributions to P, fron two adjacent 
rotational lines hevo been carried owt. In this caso the correct expression 
for the enissivity is evidently 


ἔν- 1- ep Ë (B, + Fi.) 可 (32) 


Whero Po and T roprosont, respectively, the voluos of the spcotrcl 
absorption coefficients arising; from each of the two rotstionol lines 
separately, If the two rotetionel lines are separated sufficiently to 
permit neglect of overlapping, then the spectral emissivity is rovresort- 
ed by the relati 
' Ë 

€,*  l-ep(-, pj) + 1-0p (p, pl) (33) 

By evolustinr tho dióforenee ép- ép fran Pag, (32) and (33) wo ean 


determine tho error incurrod in ing mmorical axnissivity calculations 





4d, 






ac overlapping between tuo adjacent rotctional lines is ignored. The 
resulting expression is 


| iE =. *) p? 


ο μη. heh URN bee (34) 
which can be used to estinate the amount by which norlect of overianping 
between adjacent linos overestimates theo volue of the enissivity for 
x gall values of r, pL and TL, pl 
Enissivity calculations for tivo rotational lines besod on the 
correct expression riven in Eq. (32), can be used as a qualitative rvide 
in ascertaining the limite of volidity of theorotical calculations based 
on & treatment for non-overle oping rotational lines. Thus if tho optical 





lensity is sufficiently smail to vormit neglect of overlapping between 
MN Wwe strongest adjáosnt rotetionel lines, then anissivity celeulatians 
based on Eq. (22) should givə valid rosulta, 

in Fig. l the s»ectrol obsorption coefficient Pp is shown as a 
function of Hat e total pressure of lata, as caleuletod fran Eq. (7), 
The rotetional half=r1dth uned to construct Fic, 1 18 A= 0,06 art. 
Reference to Fic. 1 shows that the spectral absorption coefficient is a 
rapidly varying function of Mat small total pressures. 

Representative voluos of £, calculated fron Eq. (32) ere show in 
Figo. 2 and 3 an e fimction of with pL trocted as a vorioblo paranoter. 
Reforence to Fig 2 indicates that the omnissivity at a point micway 
between tho rotational line centers which ere characterised by the 
transitions n = 0 ->n = l, J = 8 -> j =# 7 end j = 7 — j » 6, resvoctively, 


remmins very omll (1.0., Er < 0.2) for pL £2 œ - atm, Since tho 
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indicated transitions correspond to the two nost intense rotational 
lines (comoare Table VII) 1% appours justificable to conclude that 
emissivity calculations based on the uso of Eq, (23) will yield valid 
results for ph=2 m-atn. Calculations similar to those shown in 
Fig. 2 for intense adjacent rotational lines aro shown in Pip, 3 for 
woe, rotationel lines, nencly, for the lines corresponcing to the treansie 
tiong n = O — n = 1, J = 12 —- j = 9, and j = 18 -> j = 17. As is to 
be ezpecuod, the emissivity Eris represented nore ndequatoly by Eq. 
(33) for lergor values of pL than it wag for the nore intense rotational 
lines describod in Fig. 2. Although tho precise evaluction of errors 
arising fron the use of Iq. (2°) is difficult to carry out, it is evi- 
dent from the dat: described in Figs. 2 and 3 thet the calculated values 
of the enissivity are reliable at least to pL = 2 om =- atm and probably 
#0 somewhat larrer values, Thia conclusion is borne out by the camper 
ison betwoen calculated and observed emissivities described in Section 
V.D, 


Ὁ Desorivtion of bwtesivity Caloiction~g for CO Aammrino Ho Overiconin 


This section will be devoted to the detailed description of the 
application of the nothematical formuletions outlined in Soction IV for 
the calculstion of the enissivity of carbon monoxide in the special case 
when overlapping betwen rotational lines ean be noglected. A detailed 
calculation will be described for the following special conditions: 


. 
^ 


Temperature = 3000X 
Cotical density = 0.1 en - ntn 
Rotationel half-width = 0,08 cani at etmosphoric  resgure 

The sample c:leuletion will be earried owt by determining first 
the contributions to the intonsity of radiation mode by two rotational 
dines, then to perform the mrmtion over the contributions made by all 
rotetionel lines, end finally to convert tho eut radiant intonsity to 
emissivity. 

The working eqiction from whi’: values of the intensity of radi- 
ation from c sincle rotatioml transition in the fimdanental vibration- 
rotation bend cen be obtained is derived fran Dq. (20) and can be 
exoressod as 


£. x 
DES IE Loli) ¿Y le e) (35) 


Y 


whore 


I ; * intensity of radiction from a single rotetionel line, 


J°= blaekboay intensity of redintion evaluetod at the line 


canter for the indicated transition, 


la 0 1 
L; SITE l 


The best available oxporimentel date iiionto that the volue of 
the rototionel half-width of at 300 K is 0.077 eri Tempter, the value 
weed in this sorple calculation will be 0,002 ex l, the error introduced 
— of the order of 3$ sinco tho emissivity for non-overl:. ping lines 
4@ roughly nroportionel to the assu..od rotational half-width (seo Sootion 


V.C). 





iumericnl vajuoa of the integrated absorntion of rot-tional lines 
at 300°K have bocn summarized in Table VII, if the volue of tho into- 
Erotod absorption for any given transition 19 Imowm, then the tern 7 
can be ovaluzted for any optical density,” 


Representetive nımoriccl values are listed in the following 
Table XIII, 
TABLE XIII 


CAICUIATION OF THE TEAM κ FŒ TWO 
GIVEN TRANSITIONS 


rons14 c I -> L π ο 0 ok e 

Z; jj^ aha 
do [2002 art ei 

Det marten men ef um 


The tern Ly 4s evidortly dimensionless, The terns ý, J (18) 










end AAA) aro determined from compiletions such as these civon ty 
Jahnle and Inde(?0), Thus the cumntity, 


F(ky)= ATA #; er, (EX) ES (E Hd) 


may be cnlculstod, 





* Reference to Tables XVI(a and b) and XVII(& cn? b) throurho:t 
this discussion will clarify the entire »rocecure wed for nwericel 
Calculctions, 


= 








Lg 


Results this calculation for the rotctionsl transitions 





1 = 0 and 10 => 9 aro riven in the following Teblo XV. 


vADL3 XIV 


CALCULATION OF THE Tari F(X) FR TWO GIVIN TRANSITIONS 


B----- 


The desired units for the intensity of rodiction aro orto cri" soc" "l, 










Since the mits of the tora PA) ero ai, 1% is obvious thas the torm 
4 (P κ; Y /) mast bo expressed in or(s Om ~ l goc *, Tables of hedintion 
Functional) list tho rotio RA [Ma mxr ag a funetion o# AT(a -°x), 
The von RA /R, mex is equal to the onergy enittod by a blockbody ct 
the absolute temperature T per unit tine, por unit area, in 2 Wave 
length interval between A and A* 3 À , throvchout the solid angle 277 
steredions, divided by the moxcimum value of Rag which is cesignated cs 


Ra mx, The quantity Ra max ip given by the expression, 
Αλ πος Ξ 21,2014404 (1/65)? org om^ soe (56) 


Where 
e, * 3.732 x 19 org a soc” 


eo = 1,436 mm = ° 


€ 
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At 3009x it is found from Eq. (36) thet 
R, rex = 2,1436 x 109 ercs a soc”t 


Using this value for R4 pags 1t is a simple matter to calculate Ra and 
Rı / py? , which hes the desired dimensions of ergs - e - soe, 
The product of Ra A" end F(X4) reprosonts the total radiant inten~ 
sity contributed by a civen rotetional line, The various intermediate 
steps involved in he calculation of I y Are listed in Table XV for tuo 
ropresontotivo rotctionnl 11no5. 

Por any specified conditions, the total intensity of radiation 
can be found by summing the contributions node by the rotational lines 
eomposing c civon vibration-rotetion band aceording to Eq. (22). 
Detailed calculations at atnosphorio :rossuro and 300°K for an optical 
density of 0.1 nata are shown in Tables X7I(a end b) end XVII(a and b). 

Reference to either Ea. (5) or Eq. (11) Andicetes that the volue 
of emissivity is obtained from the velus of total intensity of redistion 
vy a division by the value of the total blackbody intersity of rađiztion 
under the given conditions. This quantity is desipnotod by Roro in 
tables of Planck's Radiation Functions and is eonvoniontly calculated 
from Eo. (10) or the equivalent relation: 


Noro? 649393907 (2/%)* (37) 


At 300°K 4% is found that Roses = 4.61655 x 10° org ai” aoc 


Thið value of Ro-»oo bes beon used for the calculation of the 
emissivity listed in Tables XVI(2 and b). 
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TABIE XVi(a) 





WORK SHEET FOR THE CALCULATION OF THE ii-I5SIVITY (P CARDON 
MONOXIDE AT 300°K (A= 0,08 aw, pL = 0.1) (§ +322) 


Transition bt di 


p. ; -tj | . 
Yes * ë JoGE) At) 
5 == J = 1 
l -> 0 2.0642 «521475 . 59364, 1.06920 0,269711 
3 — 2 5.7053 4432 023661 1.59063 024754, 
4 c 3 e 1.79254 . 16632 1.951383 1.30974, 
Ó =» 5 8,7303 2.2 e 10991. 2. 60430 1,940607 
7 — 6 9.0499 2.285026 10165 2.80115 2.07109 
8 — 7 78256 . 16921 1,966533 1.29537 
9 — δ 8.5768 3 12154 1.87152 1,203, 
10 — 9 7,9599 1.55354 020525 1.723229 1.060725 
12 — 11 ° 1. 255 23 025501 1.45447 «75 
14 — 15 4. 5095 *d9692 e - 1.21146 £95007 
16 — 15 2,9355 058365 55796 1,03700 304244, 
17 — 16 2.2575 045513 634,36 1,005245 0233470 
18 — 17 1.7451 «34717 a 79559 1.03039 176228 
20 — 19 0.95252 «12949 | 92739 1.00895 .09514,50 
22 — 21 0.47526 095145 «90924 1.00226 00476240 
24 — 23 0.22121 044008 «95004, 1,000498 0220040 
26 — 25 0,094435 012757 093138 1.00009 | 0023935 
28 — 27 0,037266 0074137 099261 1.0000 . 00370655 
30 — 29 0.012592 20077040 |.9973O0 1.0000 .0013520 
¿0 — Y .0037341 .0007206 «999 1.0000 „0003714, 


Transition 
j-i1-1 
10 
ze 1 
3 — 2 
hy a 3 
5 — 4 
7? 6 
Oe 7 
9 — 8 
10 9 
11 «-» 10 
12 — 11 
MY — 13 
15 — 14 
16 — 15 
17 — 16 
19 — 17 
19 — 15 
20 — 19 
22 — 21 
2A — 23 
26 — 25 
26 — 27 
30 — 29 
40 — 39 


TABLE XVI(a) (COTIUSED) 


dot) 
-ὂ (7 Xj) 


1.33891. 


z e 
¿, FT o eo 


F (kj) 


«205349 
«249920 
«421201 
457533 
335075 
559416 
569267 
491613 


107.249 
4.6166 x 10° 


Jr (300) 


pr 


13.0920 
13.2054, 
13.4525 
13.6361 

8260 


13, 

14,0122 
14, 2110 
14.4975 
14,6153 
14,9158 
15.0252 


20.0097 
23.5833 


> is » 107.249 


TABIE XVI(b) 
WORK SHEET FOR THE CALCULATION OF Til MOSSIVITY F CARBON 


MONOXIDE AT 300°x (K= 0.08 er, pL & 0,1) (j —» j 4-1) 








"transition o»/ | - Xy, l 
| | S; Jl» y £, E e G r -2 ον... 
J=- 1l ->j 
Q < 1 2.0805 441399 266107 1.04332 0.21140 
m 2 4.0623 80815 44,567 1.17009 0.43795 
- "Ὁ 2 5,5405 1.16191 0 31289 1.35710 OSO 
3 4 7.3259 1.45741 23204, 1.60579 094011 
4 o 5 84,565 2.63234 .13593 1.6 ó 1.27599 
5 — 6 9,2007, 1.82033 016036 2.03043 1.35593 
6 — 7 9,5514 1.0016 14954. 2.12022 1.44542 
7 — 8 9,5349 1.09697 015003 2.12231 111.390, 
par 9 9.1985 1.82995 «16042 2,02093 1,35534 
9 —» 10 8.6026 1.71140 019061 1.09777 1.20064 
10 -- 11 0191 1.55553 ‚21108 1.790280 1.03795 
1) — 12 6.9189 1.37645 e 25247 1.53252 080461 
12 p 13 5,9609 1.19745 e 204,99 1.2 X 70469 
I3 — 1; 5.0246 «III «30502 1.266] 56491 
15 — 16 3,2190 + 56028 51670 1.211200 0 34547 
16 — 17 2.0084, 5192 «59516 1.06951 020830 
18 — 19 1.50% «30004, 740779 1.02266 ¿15172 
19 — 20 1,1110 «22102 . 20170 101122 „11075 
3 =» 22 0.60507 012049 980647 1.00363 ,06035 
25 — 24 0.238345 057387, 94423 1,000852 6023 
25 — 26 0,12692 025249 097506 1.00015 O1262 
NY = 28 „05152 ‚010274 90976 1.0 900514, 
29 WD 0019455 20039704 99611 1.0 ‚00194, 
为 一 如 0.00009 0 1.0 1.0 
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TABLE XVi(b) (CO i52) 





ae D 
12,7551 12,7551 
12,5962 3,698713 
12.4402 4.66458 
12,2369 5.359539 
12.1363 δ 70110 
11.9916 5.99110 
11.3476 6.05246 
11.7049 5.97313 
11.5675 5673216 
11.4312 5.50133 
11,2959 5.10996 
11,0363 4. 19810 
10,9117 10.9117 
10.7551 3.1925 
10,6655 2.67139 
10.5477 26.159296 
10.4308 1.74539 
10.3144, 1.35335 
.2029 1,019598 
9.9356 0571038 
927793 ο 0ο]. 
9.5926 «12020 
0,4249 0045354, 
9,2425 .017930 
0.40969 O 


a 1.80349 x 10 


vo Q2.) El Xy-1) 
-2 2 ( 21,4) 

1,205472 Nu 
1.60504 »291313 
2205179 «37496 
Ze 94990 LIE 
3,01905 04,7470 
3. 33626 09950 
3,5165, 621090 

56725 91031 
3.39527 οὐ 224 
2.09741 40126 
0 (L075 045220 
2.39742 41979 
24.095951 35039 
1. 930798 «33854, 
1.652268 e 290470 
1.46047 25047 

3661 . 20753 
1,24359 . 16733 
1.17438 e12121 
1.12197 009993 
1.06398 205712 
1.02951 0204 
1.01277 ο 
1,00514 4005137 
1,001094 ῃ. «001940 
0 
E 2 Ejes 33.259 
νιν" 
人 fo 一 oo 4,6106 x 105 


ISc40* 6 
LT960°S 
T9te6" A 
GOGL” ls 
£o09S *Z 
£6LT7* L 
oiosc" 
ORTA 
¿OCOT ° /, 
MEG? 


E 
Y,0/ 


GZTe9Z ° σσθσστ᾽ 
CELLS?" συτότ’ 
πιώστασ ET 
ESTI? tL cu 
OLOTE’ TELIT? 
coscec* τα σ΄ 
gosocc* ELGIT? 
TLGLZE” 6T7S71° 
TSSS2¢° CTTSTT* 
ο 206 οὐ τοσο 
TEGOZ? eovvVt* 
969ctc" ESTIT? 
SOSITE* ETT" 
CCETT” E3SE7T° 
oclo" S6coCVT* 
STOOTE* Io0€"t* 
LtoLoc* oU c 7T 
Ooo06602* 677E7C° 
LoLgoz* Sestert® 
τώτος” 99 e 
TLT’ G9T71" 
ELOT? TETIT? 
67356T* LOUTU* 
av6ect* προσ” 
TOGTET’ 7S071* 
¿ZTOST* 6E207T* 
Mow V 
eN) Uy IX 
(t - [€ [) 


Xg00€ LV 09 4D GEWC HOLIVIOtFHIDIXVUCIA TWLISTUGURA (215 uos YN Y m 


(9)IXAX miqvs 


O y s: 


TROOS’ 7° TO6T 
στο” συττος 
oL767* l'Tcoc 
LUTECY*® 9° 0€0¢ 
éto6y* i'ovoc 
(LLS7° €° 6702 
TROT” 7*960c 
τω O*€£90c 
OLES7* 7* L9oc 
$9797. τος 
SIISE* E*6 508 
T3087" 4,0808 
σου 0* 65807 
CooLy* E° ROZ 
GOLLY” 9*c60c 
LOOLY® 6* 460€ 
STLSLY® T ZOTZ 
£ovuy* £*90t- 
ρε Y*OTTE 
€6cL7* GITTET 
του 9*29TTE 
STELT” 9*cctz 
CZOL7® 9°9CT2 
SET 9*”0£TZ 
L7297° 9°FETS 
ποιο)” Y SETE 
(sor) ro ( 4,2) A 
JOJUOS) OUT] 


IOLLVINOTVO G 


OT + TT 


"6 


11111111 


t-f-Í 


ποτητθιτοατ 


Ab oj Aus uA 


ΟΥΔΘΟΟ 


LA, 


VOLGE*7 
που "/ 
σσ), Ύ 


SS97L8°S 


YY o/ 
P A = 


C is GT 
9ecL7t* SEET’ 
66€671* OIc7ET 
E LISTET? 
EGT’ ESGSYET? 
LO6SST° c9cocT* 
LTSSST° oCoScr* 
OLG6T* OcoSct* 
SETTOT? DÉZODET* 
TEOT? τζσοςτ” 
LOSE9T® STTIET* 
σοτσοτ" TZET’ 
EBSOIT* OOEL9ET* 
BELOT. TIEOLEL*® 
一 ~ COXHET- 
VE TELET’ 
TERELT” STOGLEL*® 
9 im An ° 
e 9 A * 
ZOTAT? €9S06c i* 
TEST? 46265T。 
OG7ET* γτυσόςτ’” 
LS9ST° ορ ος 
Χο vy ey š Y 


(T « F4 f) 


(Q)ITAX TIAVI 


σποτ 
69297 9 

LELT 
i67077* 
T99677* 
LLOGI’ 
οστού” 
σσ αγ 
STIEST? 
lL0y5** 
TELYS?" 
gt7667* 
00T9SY" 


("D Y, 


KT 32 
σσ 


O ESEZ 
6° LTZZ 


(DA 


295295) INT 


a 
! 


nO Ὢ Μο t= € Ον 
E 


if 
UOT4 IB, 


Xg00£ ZW 00 JO CIV HOIZWIDUMSDIZVUUIA TVLZLIGHOAI ns wa „Yu 20 DOILYIDDIVO SHL UO LATIS NW; 













57 


The results of more extensive enissivity ealcul-tions at 300% 
and atmospheric orossure a8 o function of optiocl density ore listod 
in Teble XVIII, 


TADIS XVIII 


MASSIVITITS AT 300% AD ATMOSPITRIO DPZSSUPZ POR 
HOM-OVERIAPPING ROTATIONAL LIES (= 0,06 ar ) 


Celculnted Imianivity | Obacrved Duissivity(?) 














401266 x 10% ^ 3.94 x 107^ 
1,0805 x 1072 1,04 x 1072 
2,2124 x 1072 2.21 x 103 
x 3.35 x 1072 
5.55 x 107 

7.94 x 10” 


Reference to Table XVIII 1ndieotes oxcollent aczoecont botwoen ccleulated 
and observed enissivitios for ontical densities up to 2 metw., At 





larger ο ticel densities the calculated omissivities exceed the 


measured veluos, Thie result ts in agreement with the conclusions 





reached in Section V.D from o study of overlapping between two adjacent 
Yotational lines, This otudy sucrested that overlanring cannot bo 
ignored at pressures exceeding about 2 am-atıı. Thus the obsorvod dis- 
eropancics botwoen ealculeted and obsorved emissivitios cre the result 
of the fact that the mthemcticenl techniques usod for the ealeulation of 
eissivity break down at lore optical densities, The deta listod in 
Table XVII provide the first queontitotive confirmation of the fact that 
erpirieolly observed emissivities agroe vith enissivitios ealculctod 



























from spoctroseepie dic at low opticol densities, Tieso results 
su; plenont the resulte of provious ecleuletions {5 96,7) which shoved that 
‘the celculated temorsture depomlence of antssivity, <a woll as mmerical 


values at largo opticel densitios, zgree with obsorved date, 





Since the rotational half-width is probably the least reliably 
lmown physical constant entorinc into tho problan of cuentitativo 
enissivity calculations, it is of obvious inmportcnce to detormino the 
dependence of eniscivity on the assimed rotetionel half-width for the 
condition of no overlapping botwoon rotational lines, “eprosontative 
‘results are owmerised in Table XIX and plotted in Fig. 4, Reforence to 
th > date listed in Table XIX and shown in Fic. 4 indicates tet the 
calculated exissivity is roughly proportionel to the assumed valuo of 
the rotational holf-vidth, Furthermore, arreoment between anlculntod 
and observed enisnivitios is soon to be bost for X= 0.08 ari 
at low optical densities, Since the bost available estimate for X is 
0.077 a! for A Ἦν y the data of Fig. 4 suggeat thiet 
broedening of the rotational Lines of CO by air, which was used in the 
experimente of ilottol end Ullrich, mist be about as offective as 
“broodening by C0. 

The resulte of the presont calculations are ef considerablo 
practical impértance in thet it has not boon realized in engineering 


caleuletions thot tho onissivity ic e sensitive function of composition 
(17) 





which determines the rotational lw fewidth Thug wo must concluce 
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over tenpereture, pressure, or optical donsity intervals by 
using uisouml simplified equetions, but it is also essential to consic 
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Overtones of CO at 300% an 
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In the comparisons prosented in Soctions V.D ond V.C botwoen 
calculated and observed omipsivitios, contributions fron the first 
overtone and upper harmonics have been ipnored, The intensity of 
radiation emitted fron these vilration-rotation bexls should, of course, 
bo included in the calculated values of the emissivity. liowevor, it is 
a sinple matter to show that for the conditions for which overlapping 
between rotational lines is negligibly emell, the contributions to the 
entosivity from overtone trensitions aro also negligibly small, 
Representative mmorical values based on the use of Eq. (31) and 
of the integrated absorption voluos listed in Table X lead to the over 
tono enissivities listed 4n Table XIX as a function of ontical density. 
It is evident from Table XIX that the first ovortono contributions to 
 *he enissivity, for conditions for which a treatment basod on non=- 
ovarlanning rotational lines is valid, are, in fact, loss than ©, 


























The salient conclusions of the present analysis have already 

been descrited but are emmerated here for convenience, They are 

(1) Untesivities calculeted by relizble mothods from the best 
available spectrosconic data et low optical densities and room temoera- 
ture agree quantitatively with ozxoorinontol measurenenta, 

(2) The limits of validity of « trectment bescd on non-overlovping 
rotetionel lines are defined conservatively by a consideration of over 
lap: ing between two intense adjacent rototionol lines, This conclusion 
en, 
detailed study of the besie relations. However, tine did not permit 


k 
further consideration of particl overlapping between rotational lines, 


no doubt, be medo nore cuantitativo end less restrictive by 2 more 


(3) The enissivity st low ootical densitios ig, oporoxiustoly, a 
linear function of rotationci half-width, This result anphasizes tho 
need for roliable half-width nensurements os s function of composition, 
pressure, and temperature, 
Importent problems which require further study are the following: 
(1) Emissivity calewletions for partial overlapping between 
rotational linos, in order to bridge the gap botwoen the treatments beo- 
) ec on the agseimotion of non-overlapping betwoen rotational lines and 
 eaupleto ovorlepping botueon rotctional rinee ‘> 9657) ° 

(2) Dmissivity calculations at elovated temperatires for non= 
overlapping rotational lines, in order to denonstrate tnat the temer- 
ature-dopendence of emissivity is calculsted correctly, The methemnti- 
eal technicues for this calculation have all been worked out and 
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epplied to a probles on tomporature seagucononis, (8) 

(3) 15 18 arparont at the resent tine that a tabulation of 
gaseous emissivities, oven for Ciatomic molecules, cannot be carried out 
complotely without the use of automtic computing machines, Tor tnis 
reason, consideration should be given to standaridization of techniques 
adaptable to machine enlceulations, particularly at olevated — j 
where the entire problem of emiselvity ceiculetions 18 enornmously com 
pliccted by overtone transitions, 
| (4) The entire propran of emissivity calculations of gases is 
based on aceurato knowledge of oxperinental deta on integrated absorntion 
and rotectional half-width, It is therefore obvious that the »regent 
progran denends upon the accurate soacsuronont of the required a»octro- 
scopio constents, Purther extensive studies of this type are being 
carried out st the Jet Propulsion leborato:y. 
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